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Abstract 
EDM (Electrical Discharge Machining) and PECM (Pulse Electrochemical Machining) provide unique possibilities for the 
machining of many different materials. Whereas EDM is able to machine any material above a minimal electrical conductivity, 
though with a certain degree of tool wear and heat influence, PECM has difficulties machining materials that build a passive layer 
or have chemically indissoluble contents. However, PECM has the advantage of working nearly wear-free. Based on this fact, a 
process chain can be built up that first structures copper electrodes by PECM and then uses them in EDM. When worn out, the 
electrodes can be restructured by PECM to keep a high reproducibility and constant quality of the machined geometry. In this 
contribution, the heat-affected zone of the tool electrode resulting from an EDM process and its potential influence on the 
machinability in the following PECM process are investigated for different copper alloys. 
© 2014 The Authors. Published by Elsevier B.V.  
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1. Introduction 
Electrochemical and electro-discharge machining 
processes are the two major electro-machining processes 
with unique capabilities. Electrical Discharge Machining 
(EDM) and Electrochemical Machining (ECM) offer a 
better alternative or sometimes the only alternative in 
generating accurate 3-D complex shaped macro, micro 
and nano features and components of difficult-to-
machine materials. [1] 
Pulse Electrochemical Machining (PECM) is known 
for allowing the production of finished surfaces on 
complex geometries and different materials. The 
obtainable surface depends on the process parameters 
and on the electrochemical dissolution behavior of the 
material. As PECM uses the principle of anodic metal 
dissolution under a constant electrolyte flow, it has the 
big advantage that the surface is not affected by heat or 
process forces. Another point is that no material removal 
occurs at the cathode [2], so the process works nearly 
wear-free. Thanks to the chemical dissolution, the rim 
zone of the workpiece stays unaffected. The pulsed 
feeding, in which the feed is overlaid with a vertical 
oscillation, aims for a small working gap, whereas the 
current is only triggered at the bottom dead center. Some 
materials have the disadvantage of building passive 
layers or containing chemically indissoluble particles 
which can influence the process in a negative way or 
even stop it. So these materials cannot be well machined 
by PECM. In contrast, EDM, although being a similar 
technique, is able to machine such electrically 
conductive materials. It uses electrical discharges 
between two electrodes in a dielectric fluid. The 
occurring temperature is high enough to melt the 
material, though different temperature levels and 
temperature distribution models can be found in the 
literature, cf. [3-7]. These publications treat the 
workpiece and use a single spark only, which does not 
reflect reality. [8] treats the theoretical heat flux in the 
anode, but no-one seems to have investigated the tool 
electrode in practice so far.  
The discharge energy splits and is absorbed by the 
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three participants workpiece, dielectric and tool 
electrode, resulting in tool-wear and a heat-affected zone 
(HAZ) in both electrodes. Depending on the wear, the 
geometry to be reproduced cannot be precisely copied. 
Therefore it is common to use several electrodes for 
machining. So, at least for the perfect finish, each time a 
new electrode is necessary. Both techniques – EDM and 
PECM – can be combined in a positive way. Typical 
electrode materials for EDM are graphite, electrolytic 
copper and tungsten copper. PECM is not able to process 
the inert graphite but it is able to process copper 
materials. Based on this fact, a process chain can be built 
up that uses copper electrodes structured by PECM and 
applies them in EDM. After the process, the electrodes 
can be restructured by PECM. This way, the electrode 
wear can be countered by a kind of series production of 
electrodes. Electrolytic copper shows some 
disadvantages in PECM concerning surface and 
geometry behavior, cf. [9-10]. Since EDM can use 
different tool electrode materials, and since finest 
amounts of alloys can change the material behavior 
strongly, several copper alloys are taken into account. 
The standardized materials are chosen towards a high 
electrical and thermal conductivity, namely electrolytic 
copper (ECu), zirconium copper (CuCr1Zr) and 
beryllium copper (CuCo2Be) (in the following, the 
numerals are omitted). As reference for hard metal 
tungsten copper (WCu 75/25) is investigated. 
This paper deals with the heat-affected zone in both 
electrodes and a potential influence of the resulting HAZ 
during restructuring. 
2. Experimental setup 
2.1. Electrical discharge machining  
For the investigation of the heat-affected zone, the 
samples are machined by an industrial-size EDM 
machine +GF+ AgieCharmilles Form 20 with the oil-
based IONOPlus IME-MH as dielectric. Test materials 
for EDM are the widely spread 16MnCr5 steel and a 
rough-grained WC hard metal with a grain size > 5.0μm 
and a share of 70.0% WC and 30.0% Co. Ten different 
energy levels are chosen with a range from roughening 
to smoothing, see Table 1 for electrolytic copper, 
zirconium copper and beryllium copper using anodic 
tool polarity for machining steel. The energy levels for 
tungsten copper using cathodic tool polarity for 
machining hard metal are depicted in Table 2. Discharge 
energies for hard metals are smaller to compensate the 
higher tool wear resulting from the polarity reversal 
compared to the anodically polarized tool for steel. 
The copper electrodes are prepared to a working 
length of 20mm and a width of 5mm. Due to the 
working area of 1cm², levels 1-5 lead to a high current 
load for workpiece and tool. The feed is 2mm 
perpendicular to the surface. 
Table 1: EDM parameters for steel using ECu, CuCrZr, CuCoBe 
Energy 
level 
Current 
[I] 
Voltage 
[V] 
Pulse on-
time [μs] 
Discharge 
energy [J] 
1 72.0 250 205.4 3.6972 
2 52.0 250 205.4 2.6702 
3 39.0 250 205.4 2.0027 
4 29.0 250 205.4 1.4892 
5 21.0 250 177.8 0.9335 
6 17.0 100 154.0 0.2618 
7 10.0 100 133.4 0.1334 
8 6.2 180 75.0 0.0837 
9 5.5 180 56.2 0.0556 
10 4.4 180 36.5 0.0289 
Table 2: EDM parameters for hard metal using WCu 
Energy 
level 
Current 
[I] 
Voltage 
[V] 
Pulse on-
time [μs] 
Discharge 
energy [J] 
1 52.0 60 36.5 0.1139 
2 39.0 70 27.4 0.0784 
3 29.0 80 23.7 0.0550 
4 21.0 100 23.7 0.0498 
5 13.0 120 15.4 0.0240 
The steel samples are prepared by cutting a flat 
milled 16MnCr5 block with a thickness of 10mm into 
slices. The hard metal is a block of 31mm x 27mm with 
a thickness of 9.6mm. 
After machining, the roughness of every sample is 
measured using a perthometer Mahr MarSurf XR/XT20. 
Subsequently, the samples are prepared for the 
metallography by embedding, grinding and polishing 
with diamond suspension. The etchant for steel is Nital 
3% (97ml Ethanol + 3ml HNO3), for hard metal Mukami 
(10g K3[Fe(CN)6] + 10g KOH + 100ml H2O dest.) and 
for the copper alloys 100ml Ethanol + 20ml HCl + 7g 
FeCl3. Between these steps, the samples are cleaned 
using ultrasonic bathing for three minutes with water and 
cleaner. The metallographic investigation is done by a 
confocal laserscanning microscope (LSM) Olympus Lext 
OLS 3000. 
2.2. Pulse electrochemical machining 
In order to build up the process chain and as [2] 
mentioned an influence of a heat treatment on the ECM 
process behavior, an investigation is made for checking 
the potential influence of the heat-affected zone caused 
by EDM on a following PECM process. The tests with 
unaffected and heat-affected copper are carried out on an 
industrial-size machine PEMCenter 8000 by PEMTec 
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SNC, France with NaNO3 as electrolyte. The 
corresponding parameters and conditions are given in 
Table 3. Based on the results of the previous section, the 
highest discharge energy, which causes the largest HAZ 
in the material, is selected for EDM as preparation for 
the following PECM process. 
Table 3: PECM parameters 
 Experimental series 
parameter unaffected affected 
feed rate [mm/min] 0.03 - 0.06 - 0.10 - 0.15 - 0.21 
gap voltage [V] 10 
pulse on-time [ms] 2 
pressure [kpas] 200 
conductivity [mS/cm] 72±1 68±1 
WCu could not be investigated in PECM because 
tungsten can only be electrochemically machined under 
special conditions towards the electrolyte [11]. The 
experiments for the removal curves are done using 
concentrically positioned cylindrical electrodes with a 
diameter of 6mm. The tool, made of AISI 316Ti, was 
turned to a roughness of Ra≈0.82μm. To provide ideal 
flushing conditions a flushing chamber is used. This 
setting had no side gap, so the current estimated from the 
machining data is used for the material dissolution in the 
frontal gap only. To depict the specific mass removal 
curves [mg/C] the needed amount of Coulomb was 
determined by multiplication of the occurring current 
and the time of the active process. Since the change in 
valence is not known during the material dissolution, the 
efficiency curve is not determined.  
The corresponding mass removal is measured with a 
precision scale KERN ALT 220-5DAM with a 
resolution of 0.01mg up to 60g and 0.1mg up to 220g. 
The experiments are carried out for material heat-
affected by EDM and unaffected material. A comparison 
of the removal curves shows a potential influence. 
Additionally the copper samples are machined 
perpendicular to the EDM machining direction to obtain 
a “cut” through the heat-affected zone, see Fig. 1. These 
samples are also investigated by LSM. 
 
Fig. 1: EDM process followed by PECM process 
3. Results and discussion 
3.1. Electrical discharge machining 
For all investigated samples no direct change of the 
grain size below the surface can be observed for the 
applied discharge energies. However, on the surfaces of 
the tool electrodes made of ECu, CuCrZr and CuCoBe a 
black layer can be observed. This black layer consists of 
cracked carbon from the dielectric [12-13]. To measure 
the black layer thickness, samples without etching are 
investigated because etchant penetrating the gap between 
sample and embedding may result in optical distortion, 
as indicated in Fig. 2. On the right side the black area 
appears larger than it actually is, whereas on the left side 
the real size under higher amplification can be seen. The 
layer thickness is calculated by optical measuring of the 
metallographic samples. 
 
Fig. 2: Real and “false” black layer 
In general, the black layer thickness (BLT) appears 
smaller and more constant than the white layer thickness 
(WLT), cf. Fig. 3 and Fig. 4. As it delivers the best 
regression a power function is depicted, but no 
significant coefficient of determination is reached, 
especially for the BLT. 
[13] observed a black layer on WCu used as anodic 
poled tool when machining high carbon steel. In 
contrast, in this investigation with cathodic poled WCu 
no black layer is detectable. The tungsten matrix is 
present and some deposit of copper can be observed. 
Since the black layer comes from cracked dielectric, the 
reversed polarity can be an explanation for the absence 
of the black layer in this investigation. 
Concerning the workpiece, on the steel samples, 
instead of a black layer, a brittle white layer can be 
observed as studied in [14]. The thickness of the white 
layer seems to depend on the discharge energy, see Fig. 
4. No difference between the samples machined by the 
different cooper alloys can be found, so the layer occur 
independent of the tool electrode alloy. On all samples, 
layer-free areas could also be observed. 
WP
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ground material
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WP = workpiece
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On the hard metal, no layer on the surface is visible, 
but the rim zone is influenced by EDM. Up to a depth of 
7.0-11.0μm, the density of the WC grains seems to be 
reduced, whereas the binder phase appears white. Due to 
the presence of grains in this area and the smooth 
surface, an additional layer on the surface can be 
excluded. The constant depth of the influence can be 
explained with the relatively uniform discharge energies 
compared to those of the steel material. 
 
Fig. 3: Black layer thickness (BLT) on the tool electrode (T) 
 
Fig. 4: White layer thickness (WLT) on the tool electrode (T) 
The pictures in Table 4 show representative 
micrograph sections of the tool electrode and the 
workpiece for the lowest and the highest discharge 
energy. On copper the overall small layer can be seen, a 
slightly thicker layer for the highest discharge energy is 
visible For WCu no layer and no difference between the 
discharge energies is visible. Concerning the steel 
workpiece the different layer thicknesses are obviously 
and for the hard metal the influenced rim zone can be 
seen. While the BLT for the tool shows no significant 
difference with the discharge energy, the WLT on the 
workpiece does. Taking this HAZ as reference for the 
absorbed energy, this behavior indicates that the 
distribution of the absorbed energy between tool and 
workpiece electrode depends on the discharge energy 
itself; this could also be observed for the wear behavior 
of the tool electrodes [15]. 
Table 4: Micrograph sections of tool electrode (T) and workpiece (WP) 
T: ECu (E10)  T: WCu (E5) 
 
T: ECu (E1)  T: WCu (E1) 
 
WP: 16MnCr5 by ECu (E10)  WP: HM by WCu (E5) 
 
WP: 16MnCr5 by ECu (E1)  WP: HM by WCu (E1) 
The surface roughness also depends on the discharge 
energy. As the average roughness value Ra does not 
react as sensitive on profile peaks as Rz, its informative 
value is smaller, hence in this investigation Rz is used for 
characterizing the surface. Fig. 5 shows the relation 
between the surface roughness and the discharge energy 
for the investigated materials – ECu, CuCrZr and 
CuCoBe for steel and WCu for hard metal, with 
logarithmic scaled X-axis. The surface roughness of the 
steel samples shows a logarithmic correlation with the 
discharge energy and can be approximated by equation 
(1), the difference between the results caused by the 
different alloys is negligible. 
Rz ≈ 17.35 ln(x)+78.592 
x: discharge energy 
R² ≈ 0.98 (1) 
In contrast, the roughness of the tool electrode shows 
a linear correlation with the discharge energy. While the 
difference between CuCrZr and CuCoBe is small, ECu 
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shows higher roughness values for small discharge 
energies and smaller values for discharge energies over 
1.5J resulting in a more uniform behavior compared to 
CuCrZr and CuCoBe. The overall regressions are given 
in equation (2) and (3), whereas for discharge energies 
below 0.13J a sharp drop of the roughness values occurs. 
ECu: Rz ≈ 10.458x+9.84 R² ≈ 0.94 (2) 
CuCrZr & 
CuCoBe: 
 
Rz ≈ 21.287x+5.67 
x: discharge energy 
 
R² ≈ 0.95 
 
(3) 
Comparing the graphs, it can be seen that for WCu 
the difference between workpiece and tool electrode is 
smaller than for the other tool materials. This results 
from the polarity reversal used for machining hard 
metal. For finishing processes and when machining hard 
metal, the polarity is reversed, so the tool suffers more 
wear, but the resulting surface is smoother. This polarity 
reversal is another reason why the energy level used for 
WCu is relatively low, since otherwise a large wear 
would lead to geometry imprecisions. 
 
Fig. 5: Rz and discharge energy for the tool (T) and workpiece (WP) 
3.2. Pulse electrochemical machining 
To investigate a potential influence on the 
machinability of the copper alloys, the behavior towards 
the current density was investigated in two setups: 
unaffected material and material which was used as a 
tool in EDM. As it has the largest influence on the rim 
zone of the copper electrode, the highest discharge 
energy is chosen for the EDM step. Fig. 6 shows a linear 
correlation between feed or dissolution rate and current 
density. This indicates a constant reaction mechanism 
based on Faraday’s Law for both setups. Under the 
present process conditions, it can be assumed that the 
reaction behavior for the materials is independent of the 
current density, which means that no change of valence 
arises during material dissolution. The fact that the 
material dissolution first starts after excessing a 
minimum current density indicates a breakthrough of a 
passive layer. As can be seen, to obtain the same current 
density, a higher feed rate is needed for the heat-affected 
material. The series marked with “*” refer to unaffected 
copper material. For each material the specific mass 
removal [mg/C] was determined, see Fig. 7. Taking into 
account possible sources of impact – current estimation 
out of machine data, changes in diameter by edge 
rounding from EDM and PECM, influence of 
temperature, etc. – the mass removal curves can be seen 
as equivalent. 
The equal material removal curves for both setups in 
combination with the difference in the relation of current 
density and feed rate indicates other experimental 
conditions. The need for a higher feed rate for obtaining 
the same current density may result from the reduced 
electrolyte conductivity. 
As mentioned in [2], for stationary conditions feed 
rate and dissolution rate are equal. Derived from 
Faraday’s Law, feed rate (vf) and current density (J) 
follow equation (4) with Vsp=specific volume removal. 
Depending on Ohm’s Law, current density and 
electrolyte conductivity (σ) follow equation (5) with 
U=voltage and s=gap width. 
vf= Vsp× J 
 
(4) 
J = 
U × σ
s
 
(5) 
Hence a smaller conductivity leads to the need for a 
higher feed rate to obtain the same current density. 
 
Fig. 6: Current density and feed rate 
 
Fig. 7: Specific mass removal 
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The results for the perpendicular machining of an 
EDM-affected surface showed no influence on the 
PECM process. Four ECu samples were prepared by 
EDM with the highest discharge energy E1 followed by 
PECM using current densities between 0.3 and 0.7 
A/mm². Consistent with the previous results, the 
micrograph sections showed no peculiarities. 
An explanation for the unchanged machining 
behavior in PECM of the copper electrodes could be that 
the applied discharge energies are insufficient to change 
the material structure in the rim zone, cf. Fig. 8 depicting 
an etched ECu sample machined with E1 by EDM and a 
current density of 0.7 A/mm² in the PECM process. On 
the top, the black layer from EDM is visible, on the right 
side the PECM machining was applied and no layer is 
visible. The black appearing area results from the 
etchant penetrating the gap as mentioned in section 3.1. 
The edge rounding from both processes led to the radius 
on the workpiece, whereas no change in the grain size is 
visible. 
 
Fig. 8. Micrograph sample of ECu rim zone 
4. Conclusion 
Concerning EDM no change of the grain size in the 
rim zone could be found for the tool electrode materials. 
On the workpiece a white layer and on the tool electrode 
a black layer can be observed. Though no mathematical 
proof can be found, visually the thickness of the both 
layers seems to depend on the discharge energy, whereas 
the black layer is slightly smaller and less strongly 
influenced than the white layer by the applied discharge 
energies. The roughness shows a logarithmic behavior 
for the workpiece and a linear behavior for the tool 
electrode. 
Regarding the PECM process it can be concluded 
that a previous heat exposure of the material resulting 
from an EDM process has no influence on the process. 
In the industrial size PECM process used in this 
contribution no changed material removal behavior 
could be observed. 
The presented results support the feasibility of the 
mentioned PECM-EDM process chain. 
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